As an efficient wireless transmission technology, multi-carrier communication find its way in many applications. However, high peak to average power ratio (PAPR) of the signal degrades the system performance. Selected mapping is a distortion-less scheme that can reduce the PAPR dramatically without spectrum loss, while its realization requires solving an integer-programming problem (NP-hard problem). To remedy this, a novel multi-objective quantum inspired evolutionary based scheme is proposed in the paper. With objective fitness function characteristics ranking, angle increment updating and information sharing, the new scheme can dramatically reduce the search iterations. Simulation results show that proposed evolutionary scheme can achieve a significant improvement with a low complexity.
I. INTRODUCTION
As a reliable transmission technology, multi-carrier communication has been widely used in a number of wireless standard systems [1] , [2] , including the IEEE 802.11 a/g/n standard, the terrestrial digital TV system DVB-T, the mobile broadband 3GPP Long Term Evolution (LTE), the wireless MAN IEEE 802. 16 WiMAX (Worldwide Interoperability for Microwave Access), Ultra Wideband (UWB) and the mobile broadband wireless access (MBWA, IEEE 802.20).
However, high peak-to-average power ratio (PAPR) in multi-carrier modulation (MCM) signal transmission requires that digital analog convert have long word length. If not, quantization noise might be generate, which, in turn, degrades the bit error rate performance. There have been lots of researches on reducing the PAPR performance (e.g., [3] , [4] with the references therein), including signal distortion [5] - [7] tone injection [8] - [10] , tone reservation [11] , [12] , and probabilistic schemes [13] - [17] . Among these schemes, selected mapping (SLM) [13] - [16] is a distortion-less scheme that can reduce the PAPR dramatically without signal and spectrum loss. It divides the input data The associate editor coordinating the review of this manuscript and approving it for publication was Jie Tang . frame into several consecutive segments. Each segment is multiplied with a selected phase sequence that ensures the transmitted signal has the lowest PAPR. However, the realization of SLM requires solving an integer-programming problem (NP-hard problem). Therefore, good suboptimal with low complexity solutions, such as, cross entropy SLM (CE-SLM) [14] and artificial bee colony SLM (ABC-SLM) [15] , are investigated.
A single objective-based quantum inspired evolutionary algorithm (QEA) [18] is introduced in to resolve this PAPR combinatorial optimization problem [19] . However, the single objective-based QEA does not exploit inherent characteristics of a problem, resulting in repetition and inefficiency [20] , [21] . Moreover, since the information and characteristics of the objective fitness function cannot be completely shared, [22] , thus, this quantum inspired evolutionary algorithm can be designed and applied in multi objective conditions. Therefore, in this paper, a multi objective quantuminspired evolutionary SLM scheme is proposed to resolve the PAPR combinatorial optimization problem. With multi objective fitness function optimizing, angle increment updating and characteristics information ranking, the proposed evolutionary algorithm can dramatically improve the system performance. Furthermore, hexagonal constellation is also present in order to avoid the side information caused by the conventional SLM method. Simulation results confirm that the new scheme achieves significant improvement in complexity and PAPR with a considerable bit error rate performance.
The outline of this paper is given as follows. Section II illustrates a typical MCM transmission system and the corresponding PAPR problem. In Section III, we summarize the principles and concepts in evolutionary mechanism, and introduce the proposed multi-objective quantum inspired evolutionary scheme to search the best individual for selected mapping. System evaluation results are shown in Section IV and conclusion is finally presented in Section V.
II. PROBLEM FORMULATION AND SLM IN MCM A. PAPR IN MCM SYSTEM
Considering quadrature amplitude modulation (QAM) on each subcarriers, as shown in Fig. 1 , the inverse discrete Fourier transform (IDFT) of signal X k with N subcarriers in MCM system can be expressed as
where L is the over-sampling factor and j = √ −1. The definition of the PAPR in MCM system is then given by
where E[·] represents the expectation operation. Furthermore, in order to maintain an accurate approximation of the continuous-time MCM signals, the discrete MCM signal must be oversampled by a factor larger than four [23] .
B. SLM SCHEME AND PROBLEM FORMULATION
In SLM [13] , as shown in Fig. 2 , a sign sequence is multiplied with the frequency domain vector. Therefore, the new frequency domain OFDM vector X can be represent as
where c = [c 0 , · · · , c k , · · · , c N −1 ] is the sign sequence with c k ∈ {+1, −1}, and the new discrete-time transmitted OFDM signal is given bŷ
On one hand, note that the power of the signalx n is the same as that of x n . Therefore, solving the PAPR problem is equivalent to minimize the maximum signal ofx n . Consequently, the PAPR problem is re-formulated as
where {1, −1} N is the dimension set of binary vectors. Equation (5) has been demonstrated to be a non-deterministic polynomial problem. Hence, we will introduce in the next section an efficient scheme to resolve this problem. On the other hand, for the side information in SLM, note that the optimal solution c (opt) should be sent to the receiver side for the correct de-modulation, which, in turn, will sacrifice one bit per subcarrier. Take 64-QAM as an example, one sign bit and five data bits should be transmitted per the constellation point. Note that hexagonal constellation can avoid this data loss (In Fig. 3 , the 64 points numbered from 1 to 64 are used to carry six information bits. Thus, this 91-Hex constellation has the same throughput as the 64-QAM square constellation). Therefore, the proposed multi objective evolutionary scheme can be easily applied to these cases.
C. CUBIC METRIC IN OFDM SYSTEMS
For a given signal f (t), the raw cubic metric (RCM) [24] is defined as
where rms[f (t)] denotes the root-mean-square value of a given signal f (t). The cubic metric (CM) in a typical OFDM system can then be defined as
where the K and RCM ref are introduced for power derating estimation, which are required to satisfy a certain adjacent channel leakage ratio [24] . It has been shown that for a realistic power amplifier, the CM can effectively predict the power capability reduction. Based on this, the cubic metric performance is also evaluated in this paper.
III. PROPOSED MULTI-OBJECTIVE QUANTUM EVOLUTIONARY SCHEME A. CONCEPTS IN QUANTUM COMPUTING
One bit in conventional computing is either in the state '1' or '0'. However, quantum computing uses the quantum bit (abbreviated as Q-bit) [18] to express this state, which is probably in any superposition of the states '1' or '0'. Therefore, the state in the Q-bit is defined as
where α and β are the probability of the state '1' and '0' in the Q-bit, respectively. The following condition must be fulfilled:
Therefore, the individual with the string number of W in Q-bit [18] can then be expressed as
where α i and β i also satisfy the following conditions,
That is to say, a Q-bit defines an angle θ, i.e., cos (θ ) = |α| and sin (θ) = |β|.
In order to update the probabilities of α and β for individuals, a reversible gate, also called quantum gate (denote as the Q-gate) [21] , is introduced. Here, note that the Q-gate can be written as a unitary operator satisfying
where U † represents the hermitian adjoint of U . Literature [21] shows the details of the Q-gates such as Hadamard gate or NOT-gate. For example, it can simultaneously represent 2 M states (superposition of the state 1 and 0) in an M qubits system (superposition of the state '1' and '0'). By utilizing a certain Q-gate to modify the probabilities of α and β, the best individual can be quickly found.
B. PROPOSED MULTI-OBJECTIVE QUANTUM EVOLUTIONARY SCHEME
In order to successfully accomplish the new multi-objective evolutionary scheme for the integer optimization of the PAPR problem, both values of Q-bits and fitness in the individuals are compared during each generation. Taking two individuals c i and c j as examples, if the fitness value of c i is better than c j and the Q-bit values in these two individuals are different, a Q-gate operator is therefore utilized on the corresponding Q-bits: rotating the worse individual c j with an small angle of θ (see Fig. 4 for details) towards to the better c i slightly. Furthermore, elitism is also applied to prevent the operation from being irreversible. The elitist individual of the generation t is obtained by the best individual found at generation t − 1. Since this elitist is evaluated in every generation with each individual during evolution process, the search information and population characteristics gathered are not only preserved at the single individual level but also periodically shared during the whole population.
In generation t multi-objective evolutionary scheme keeps a population of Q-bit individuals, e.g.,
where P is the population size in each generation. The definition of c t i in a Q-bit individual is given as follows,
where i = 1, 2, · · ·, V and W represents the string length in Q-bit individual. Generally speaking, the multi objective evolutionary scheme is consist of three steps operating iteratively:
Step 1. generating random binary individuals of C Q (t) by evaluating the states in Q(t), with C Q (t) = {c t 1 , c t 2 , · · ·, c t P } and c t i = {c t i1 , c t i2 , · · ·, c t iV } in generation t. Therefore, binary value of c t ik for the reduction of PAPR in SLM can be evaluated by
Step 2. performing fitness assignment on C Q (t) in order to achieve a better fitness of the population: a ranking method is used to handle the fitness function [22] during the evolutionary scheme. In order to give the multi objective PAPR evolutionary problem more diversity and to further improve the objective fitness function, two metrics 1 Improve and 2 Improve , are also utilized,
where f l (·), m and Z are the original fitness function, the objective function numbers and the population size, respectively. (f l ) min and (f l ) max represent the minimum and maximum values of the function f l (·). Note that sign (x) is defined as
Considering the accumulation in Eqs. (14) and (15), it follows that
where ω 1 and ω 2 are two weighting factors, following that ω 1 + ω 2 = 1. Therefore, the final fitness function is then given by
where ω represents the weighting constant parameter with its value between [0, 1].
Step 3. calculating the state probabilities α and β according to the Q-gate in order to update the Q-bit individuals. The Q-gate can be represented as follows,
where the parameter θ is defined as the rotation angle. The sign of θ determines whether the Q-bit rotates toward to the state '0' or '1'. Fig. 4 shows the rotation angle in the Q-bit individuals. Here, | θ | controls the convergence speed, for more details about the design method of θ , please refer to [21] . Furthermore, the look-up table for rotation angle applied in the proposed multi objective evolutionary scheme is shown in Table 1 . Finally, the algorithm of proposed multi-objective evolutionary scheme is summarized in Algorithm 1. 4: generate binary corresponding string C Q (t) by observing the states of Q(t)(collapsing). 5: evaluate C Q (t) by using the original fitness function. 6: save the best individual c or c t i into C Qbest (t). 7: calculate the new signalx n and PAPRx n .
8:
for t = 1 : T do 9: if (t ≥ T or PAPRx(opt) n ≤ ζ ) then 10: Transmit the modified signalx n and break.
11:
else 12: t ← t + 1 13: make C Q (t) by observing the states of Q(t − 1). 14: apply the operators by using Q-gates in Eq. (20) . 15: update the new fitness function described in Step 2 on Q-individual. 16: evaluate C Q (t) by using the new fitness function. 17: store the best individuals among C Qbest (t −1) and C Q (t) into C Qbest (t) 18: Calculate the new signalx n and PAPRx n . 19: if (t ≥ T or PAPRx(opt) n ≤ ζ ) then 20: Transmit the modified signalx (opt) n . 21: end if 22: end if 23: end for 24: else 25: Transmit the original signal x n . 26: end if During the generation t in the algorithm, the best individual in C Q (t) and the individual c in C Qbest (t) are selected for comparison: if the best individual in generation t fits better than the individual c, then the new one in generation t is used to replace the stored individual c. At the end of the loop the binary individuals in C Q (t) are discarded due to the fact that C Q (t + 1) is generated by calculating the updated Q-gate in Step 3. The proposed multi objective evolutionary scheme runs in the for loop of the algorithm until the terminationcondition or migration-condition is achieved.
During the evolutionary process, each individual must be assessed by the corresponding fitness function. Apparently, the Q-gate rotations (or select the lowest PAPR SLM binary vectors) maintain the average power constant. Here, the original fitness function of the proposed scheme in this paper, can be expressed directly as
Note that in the proposed scheme, the terminationcondition and migration-condition of the Algorithm 1 are: 1) the PAPR value PAPR(x (c i )) satisfies the power amplifier requirements (i.e., smaller than the predetermined threshold), or 2) the number of iterations has reached the maximum iteration numbers.
C. COMPLEXITY ANALYSIS
The overall complexity in a population-based method for the PAPR reduction process depends on the sample number. Therefore, the computational complexity of the proposed scheme can also be revealed as the samples number, i.e., the population size P multiplies the generation value G.Therefore, P × G. O(NlogN ) multiplications are involved for each sample calculation in fast Fourier transform. This analysis for computational complexity is applicable to all population based methods.
IV. SIMULATION RESULTS
In this section, 10 5 QAM modulated symbols under various algorithms with 64 subcarriers and 4 times over-sampling are simulated. The Q-bit angle is set to 0.01π . Table 2 shows the detail of system simulation parameters. The PAPR, BER and complexity performance are evaluated. In addition, the CE-SLM [14] and ABC-SLM [15] (hereafter abbreviated as CE-SLM and ABC-SLM), are considered for evaluation.
The simulations are also performed given a solid state power amplifier (SSPA) [11] , its model is given by
where x in (t), x out (t) and the parameter ζ are the input, output and the SSPA saturation point, respectively. Fig. 5 shows the various schemes with the performance of PAPR in complementary cumulative distribution function (CCDF, in this paper, it shows the probability that the PAPR metric is greater than the given threshold). As shown in Fig. 5 , the PAPR performance of the proposed scheme in general outperforms the CE-SLM and ABC-SLM schemes. Specially, for the number of samples S = 16 at 10 −3 CCDF of the PAPR probability, the PAPR values of the proposed scheme, CE-SLM and ABC-SLM are 6.61 dB, 6.95 dB and 7.17 dB, respectively. Fig. 6 compares the average CCDF of PAPR versus the implementation complexity (indicated as the number of samples) in various schemes. The proposed scheme also achieves lower complexity than other schemes. Specially, in order to obtain a six dB PAPR, only forty-three FFTs are needed in the proposed scheme, while ABC-SLM scheme needs seventysix FFTs, and CE-SLM needs more than a hundred FFTs. Furthermore, raw cubic metric (RCM, shown in Section II-C) can effectively predict the power capability reduction for a real power amplifier. Fig. 7 represents the RCM comparison under various schemes. As shown in this figure, the proposed multi objective evolutionary scheme also outperforms other schemes in RCM. Fig. 8 plots the BER versus signal-to-noise ratio with the SSPA model under various schemes. Saturation point in SSPA and the number of samples are set to 6.5 dB and 100 during the simulations. Taking all factors into account, the new multi objective evolutionary scheme leads to better performances in terms of PAPR and BER (i.e., lower values) than other schemes. Therefore, the proposed scheme has broad application prospects.
V. CONCLUSION
In order to ensure an efficient PAPR reduction in OFDM wireless transmission, an information sharing strategy based evolutionary algorithm is presented in this paper. It utilizes the fitness function characteristics ranking and information sharing schedules to remove the duplicated work. Performance evaluation confirms the advantages of the proposed algorithm in terms of the PAPR and BER compared to other schemes. VOLUME 8, 2020 
